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ABSTRACT
A SPACE BASED PARTICLE DAMPER DEMONSTRATOR
John Loren Brown

The structure and payload of a CubeSat flight experiment that investigates the
performance of particle dampers in a micro-gravity environment was designed, built, and
tested, and will provide on orbit data for model validation and improved performance
predictions for space applications of particle damping.
A 3-D solid model of the integrated CubeSat structure and payload was created
satisfying all constraints from CubeSat and the System Dynamics Department at
Northrop Grumman Space Technology. The model was verified using commercially
available Finite Element Analysis software (FEA), and a prototype structure part was
fabricated. The prototype was tested and verified the FEA. A complete subassembly
ready for flight was manufactured as an engineering unit and tested to space qualification
loads of both launch vibration and thermal vacuum. Two additional units were contracted
out for manufactured to serve as the flight unit and backup, and are currently ready for
launch.

Keywords: Harmonic Coupling, Space Qualified, Orbit, Phases of Design, Precision.
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INTRODUC TION
The Aerospace Engineering Department at the California Polytechnic State

University at San Luis Obispo, CalPoly, and the System Dynamics Department at
Northrop Grumman Aerospace Systems (NGAS), have worked together to develop a
CubeSat flight experiment payload that investigates the performance of particle dampers
in a micro-gravity environment. Weekly teleconference meetings were held.
In this partnership, NGAS has provided guidance on the design of the payload and
the Cal Poly team was responsible for the design and implementation of the CubeSat
payload. The experiment will evaluate damper performance in a low-gravity
environment, providing data for model validation and resulting in improved performance
predictions for space applications of particle damping.
7KLVWKHVLV¶ZRUNIRFXVHVRQWKHGHYHORSPHQWof all structural and mechanical
components.

Background on Particle dampers
A particle damper (PD) is a passive mechanical damping device with several
notable traits. Primarily, it is capable of nominal performance in extreme environments
where other passive dampers fail, including high vacuum and high temperatures as well
as corrosive environments, and it is conceptually a relatively simple and low cost device;
however, the behavior of the PD is highly nonlinear and its energy dissipation, or
damping, is derived from a combination of hard-to-model loss mechanisms, which vary
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from PD to PD depending on the system variables. PDs are also very sensitive to their
orientation with gravity, their performance increases with amplitude, and they have yet to
be modeled with high accuracy.

A pplications
The PD is most familiar to construction workers and machinists who use them
under the QDPH³'HDG%ORZ´KDPPHUV:KHUHas a solid rubber hammer can be unwieldy
to use, as it bounces back towards the user, a dead-blow hammer is easy to use as it does
not bounce back, due to the insertion of a PD like the one shown in the cutaway image.

  
F igure 1. Cutaway of a typical dead blow hammer
filled with steel shot, photo courtesy of Wiha tools
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The particles within the sealed cavity are held against the rear wall during
acceleration of the hammer. Upon impact, the kinetic energy of the hammer begins to
convert to potential energy within the compressed elastomer. As the elastomer begins to
expand back to its original shape and its stored energy is released, the particles within the
cavity reach the forward face and their momentum is in the opposite direction of the
returning elastomer, resulting in a cancellation/absorption of the systems energy, which
translates to a bounce free hammer.
PDs are also used as vibration suppression systems in structures. They perform
well over a broad range of frequencies, typically requiring a mass addition of 10-15% of
the effective mass of the fundamental mode of the vibrating structure, with a further
increase in mass ratio having little effect on the system.
PDs have been successfully implemented to passively mitigate launch vibrations
in cryocoolers where the sensitive pistons and cold fingers have no other means of
damping due to a general lack of power during launch. There is also promising work
being done concerning using PDs as a possible solution to compressor blade vibrations in
turbojet engines.
,QJHQHUDO3'VDUHGHVLJQHGEDVHGRQDVHWRI³UXOHRIWKXPE´JXLGHOLQHVWKDW get
the design sort of close, but must be empirically verified in all cases. This empirical
process usually occurs in a laboratory setting that reproduces the environment the PD is
intended to function in, and consists of building and testing multiple versions of hardware
to arrive at the final design. The ad-hawk approach to PD design is not ideal, but
functional when the environmental conditions can be reproduced, such as in a centrifuge
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to create the centripetal acceleration present in a turbine blade or on a slip table to
recreate a bumpy road for some automotive application. It is, however, quite hard to
reproduce a micro-gravity environment on the surface of the earth.

  
F igure 2. Exposed interior of a particle damper
filled with crystalline tungsten powder.
  

Early attempts led by John Abel, the Electrical Engineering lead on the project, to
create a micro-gravity environment involved loading test equipment and personnel
aboard an aircraft capable of parabolic flight. The flight was successful and data was
collected.
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F igure 3. Interior of the 0-g test apparatus, showing the 3
PDs embedded into the free end of the cantilever beams.
  

A distinct jump in the natural frequency of the PD system was observed as
compared to ground testing; however, the 20 second long intervals of micro-gravity
proved too short to collect all the desired data, as only a single data point is collected
each time the system reaches steady state and thousands of points are desired.

  
F igure 4. Exterior of the 0-g test apparatus.
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Statement of Problem
As of this writing, there has been no research published in the public domain
concerning the performance of PDs in a micro-gravity environment. This lack of data
compounds the problem of modeling a PD for use on a spacecraft. It is the work of this
thesis to provide a means to achieve some of that data, by developing the structure and
payload of a PD experiment that will investigate the performance of PDs in a microgravity environment in a low cost CubeSat designated CP-7.
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I I.

PR ESE N T A T I O N O F D ESI G N
Some lessons learned from the 0-g flight were that the thermal expansion of the

aluminum beam and the bonded ceramic piezo are different enough to cause measurable
displacement of the tip of the beam due to a change in temperature between the lab at
school and the cabin of the aircraft, resulting in a need to recalibrate the home position of
the hall-effect displacement sensor on a regular basis, an option not available once CP-7
is in orbit. This necessitated a change to using an accelerometer mounted at the tip of the
beam instead of the hall sensor. In contrast the ceramic peizo-electric actuators proved to
be a success and were earmarked for use on CP-7, which retained the 0-g beam height so
as to match the height of the peizo.
After examining the 0-g hardware, it was clear that a clean-sheet design was
needed. The old hardware neither fit within the cubesat dimensions nor addressed the
harmonic coupling present in the design. The electronics were already being redesigned.

Constraints
Knowing the dimensions of the piezo, the need to incorporate an accelerometer on
the tip of the beam, and the instructions that CP-7 was to accept the TOP HAT avionics
assembly, I compiled all the remaining applicable constraints into 2 tables: those
provided by CubeSat and those provided by NGAS.
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T able 1. CubeSat constraints
All parts shall remain attached to the CubeSat
No hazardous materials, low out gas
100.0 +-0.1 mm wide & thick
113.5 +-0.1 mm tall
6.5mm max normal component height
Rails have a minimum width of 8.5mm
At least 75% of rails shall contact P-POD rails
6.5mm x 6.5mm z-contact rail end
Total mass shall not exceed 1.33 kg
Center of gravity shall be located within a sphere of 2 cm from its geometric center
Aluminum 7075 or 6061 shall be used for both main structure and rails

T able 2. NGSS constraints
3 beam and particle damper configurations, 1 to be used as the control case
Each beam will be excited by an actuator
The beam fundamental mode will be targeted for damping evaluation
Lateral or torsional movement of the beam will be negligible during the experiment.
The internal volume of the particle damper should be a cube.
The total mass of the particles inside the particle dampers should be within 10% to 15%
of the effective mass of the first mode of the beam and mass system.
The beam will have a natural frequency in the 50Hz to 100Hz range.
The peak response velocity at the tip of the undamped beam should be in the range
between 0.01 in/s to 5.0 in/s.
The experiment has to demonstrate that it can survive launch environments without loss
of functionality.

Beam A r rangement
Every conceivable beam arrangement that met all the constraints was considered
and it was determined that having the 3 beams stacked on top of each other in the tallest
direction of CP-7 and oriented at a 45 deg angle so as to point from corner to corner
would provide the longest beam length, and hence provide the most linear vibration for
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the PD. With the grid work in place from the constraints, the conceptual beam
arrangement on hand, and after researching PDs to become familiar with them, and
OHDUQLQJ8*6¶V)($VRIWZDUH1;ZLWK1$675$1DORQJWKHZD\ I progressed through
3 major design revisions and 2 minor ones to arrive at the final design presented here.

F igure 5. My conception of how CP-7 will look in orbit.  

Each beam was manufactured identically to each other using a process known as
Electrical Discharge Machining, EDM. The result of using EDM is a very consistent
beam response. If less expensive, conventional machining was done instead, by using an
HQGPLOOIRUH[DPSOHWKHPDWHULDOZRXOGKDYHEHHQ³FROGZRUNHG´RU³IRUJHG´ on the
surface of the beam, where the cutter removed material. The cold working introduces
inconsistencies in the surface of the beam that are local increases in hardness and
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<RXQJ¶V0RGXOXVZKLFKUHVXOWLQGLIIHUHQFHVLQWKHEHDPUHVSRQVHRI otherwise
geometrically identical beams. This phenomenon can be readily observed in the bowing
of thin members after a machining operation, where the surface stress exerts a force
parallel to the surface causing the bow. By using EDM, I was able to manufacture the
beams with less than 0.001 inch of beam to beam variance to ensure that a difference in
the beam response will be due to the PD and not a difference in the beam, so that good
scientific data can be obtained.

M aximum Beam L ength
Figure 6 shows a cross-section of the top beam, H[SRVLQJWKH3'¶VSDUWLFOHFDYLW\
in green. The beam and structure are machined out of a single piece of material to reduce
the part count and maximize the rigidity of the structure. This is the configuration that
allows the longest beam, and hence provides the most linear displacement of the PD.
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PD

peizo
D

F igure 6. Cross-section, showing beam, PD, and peizo  
  

The base of the beam utilizes an elliptic stress reliving geometry. In an attempt to
maximize the flexible portion of beam length, the radii were set as small as possible,
ZKLFKUHSUHVHQWVWKHXVHRIDFRPPRQ´GLDPeter end mill. That radius consumed
´RIEHDP, because the radius is in a 45deg corner, but inadvertently caused a slight
stress concentration
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Stress  concentration  

F igure 7. 2ULJLQDOVWUHVVFRQFHQWUDWLRQFDXVHGE\´UDGLXVVKRZQLQred.
  

Increasing the radius of the corner up to the next commonly available end mill
VL]HRIó´UHPRYHGWKHVWUHVVFRQFHQWUDWLRQEXWFRQVXPHGWZLFHDVPXFKEHDP´.
A more elegant solution was chosen: A 2-x elliptical stress relief, whose semimajor axis
is 1/8´SURYLGHGWKHVDPHVWUHVVUHOLHIEXWRQO\FRQVXPHG´RIEHDPWKXV
maximizing beam length at the base.

F igure 8. Relived stress concentration when using elliptic base.
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There were several factors involved to maximize beam length at the tip. Most
notably were the tungsten particles themselves, which were provided by NGST and of
course whose diameter was not adjustable. In order to avoid strange behavior there needs
to be enough particles so that their interaction follows other typical PDs, so I wanted to
make the cavity as large as possible. The cavity size is dictated by the constraint: the total
mass of the particles inside the particle dampers should be within 10% to 15% of the
effective mass of the first mode of the beam and mass system, so to make the cavity
bigger I had to add inert mass to the tip of the beam, which contradicts the goal of
making the beam as long as possible. The solution was to machine the cavity out of a
denser material and fasten it on to the tip of the beam instead of hollowing out a cavity in
the aluminum beam as was done on the 0-g hardware. The material of choice is Type 316
Stainless Steel, SS, for several reasons. Besides it providing additional tip mass compared
to aluminum, it is the least magnetic of all the steels, so it will not interfere with the
magnetorquers CP-7 uses for de-tumbling, and it provides abrasion resistance along the
walls of the cavity, so the performance of the damper will not change over time.

  
F igure 9. Cavity Cap, showing the cavity, mounting
holes and bosses for the accelerometer.
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Space is an inherently noisy environment for sensitive electronics. The problem is
made worse on CP-7 because the peizo driving power is several hundred volts. In order to
minimize noise picked up on the analog accelerometer, John Abel developed a PCB to
process the analogue signal and output a noise tolerant digital signal. To maximize beam
length the sensor board is mounted to the side of the cavity so as to put the principal
direction of the PCB in the plane of cavity displacement. This off axis mass added a
torsional mode to the beam response, see Fig 31, but can be safely neglected due to the
high frequency of that mode and the relatively low frequency that is targeted for
evaluation.

Moment O f Inertia
In micro gravity, when the beams are excited, equal energy will be imparted to the
beam and to the structure, equal and opposite reactions from 1HZWRQ¶V third law of
motion. From rest, the initial beam response will be identical if the MOI is identical in
each beam¶VSODQHRIYLEUDWLRQRUWKHSODQHFRQWDLQLQJWKHSDWKIROORZHGE\WKHFDYLW\
and the point in the CG. CP-¶VPDVVGLVWULEXWLRQZDVSXUSRVHO\DUUDQJHGWRUHVHPEOHD
spherical shell mass distribution, because a sphere has an identical MOI in every
direction about the CG. For a cube that means heavy around the middle, light in the
corners. Because CP-7 is in space, it will rotate/vibrate about its CG, so to make sure the
MOI is identical on the beam side of the equation, the radial distance from the particle
cavity to the CG were made equal.
Figure 10 shows a cross section of CP-7 from corner to corner through the center
of the beams with a circle (light blue) drawn about the CG and intersecting with the
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centroid (yellow diamond) of each cavity (shown in green). The entire center beam
assembly is shifted outward by 3.48 mm, maintaining identical beam length, width, and
height.

F igure 10. Cross section of CP-7 through the center of the beams from corner to corner,
showing the cavity offset.
  

Each component on CP-7 was modeled as accurately as possible, and in most
cases it was more exact than what was manufacturable, so the actual machined
components and purchased fasteners were weighed and their values entered in to the solid
modeler software SolidWorks, to calculate the precise CG. Component location and
weight relieving of the structure were shifted around until the CG became within a 1mm
sphere from the geometric center of CP-7.
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F igure 11. CG location from the top.

  

F igure 12. CG location from the side.

The circles visible in fig. 13 represent the 2 cm sphere that CubeSat sanctions for

the CG to be within, and the 3 small pink arrows in the center of the circle show the
calculated CG and point in the principal directions of the moment of inertia matrix
calculated for the structure.

H armonic Coupling
An interesting phenomenon arises due to the inherent low mass of cubesats. When
RQHEHDP¶VDFWXDWRULVDFWLYDWHGHTXDOHQHUJ\JRHVERWKZD\V7KHHQHUJ\RQWKHEHDP
end gets used to deflect the beam and is dissipated by the damper. The energy on the
structure side gets stored in the structure as reciprocating angular momentum, some of
which gets released into the other beams. Because the beams are purposely being excited
at their natural frequencies, the energy imparted to the non actuated beams is coming in at
their natural frequency as well which then also excites them, resulting in the case where
all 3 beams are excited and all 3 dampers are damping even though only one beam is
being actuated. This phenomenon is known as harmonic coupling. Harmonic coupling
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causes an adverse effect on the data gathering, because all the beams signatures will be
overlaid on the data coming out of the accelerometer on the single actuated beam, making
it harder to tell which data is coming from which beam.
It was decided that a mechanical solution to the harmonic coupling was desired as
opposed to high sample rates of multiple accelerometers and a fast Fourier transform
(FFT) to separate out the frequencies. This greatly reduced the on board data processing
and down link requirements for CP-7, but greatly increased the mechanical complexity of
the payload.
John Abel developed a PCB to do most of the data processing on board so a
minimal amount of data will be down linked. His system only needs to read 1
accelerometer at a time. This greatly reduced the data and made it possible to transmit all
the data needed in a reasonable period of time. However, this placed more demand on the
repeatability of CP-7 to deliver constant conditions as only one source of data is available
at a time. Physical beam isolation was necessary, and the design of which proved to be
more complex than the rest of the structure combined.

Beam Isolation
Isolation of each beam is provided by a cam type device displacing the beam
1mm away from its neutral position, hereafter referred to as locking. During experimental
excitations in the lab, the undamped beams exhibited a maximum displacement of 1 mm,
so the locking displacement need only be a fraction of 1 mm but the full value was used
to provide for thermal variance and also to stress the beam so as to dramatically increase
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its locked natural frequency, effectively adding its mass to the rigid body motion of the
structure. Figure 14 shows a beam section in the locked and un-locked state.

Unlocked  

Locked  

F igure 13. Solid model showing the unlocked and locked positions.
  

The locking force is supplied by a Shape Memory Alloy (SMA) linear actuator.
When heated by electrical current the Nickel-Titanium alloy wire contracts and provides
the actuating force. The SMA is lighter and flatter than any other commercially available
actuator that matches its rated force. Testing at CalPoly has revealed it is capable of much
more than its rated force before breaking. Based on discussions with the manufacture it is
believed to be due to the lower voltage CP-7 uses to heat the wires, thus providing a
slower and more even heating process which yielded a slower but stronger force before
breaking.

F igure 14. 'DVK- Linear Shape Memory Alloy Actuator
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As well as deflecting the beam, the SMA also overcomes a stiff return spring,
which keeps the cam from vibrating while it is in the unlocked position.
To unlock the beams, a single SMA on the bottom turns a shaft that permeates the
3 beam layers of the structure.

F igure 15. UNLOCK LINKAGE, TORQUE SHAFT
and RELEASE LATCH assembly

  

SMA  

  

Batteries  
(orange)  

TORQUE  SHAFT  
(purple)  

F igure 16. Close up of the CP-7 model
with avionics removed to show unlocking
linkage movements.

F igure 17. Close up of the CP-7 model
with avionics removed to show unlocking
linkage in stowed position.

  

  

The torque shaft in turn rotates all the release latches, allowing the return springs
to unlock the beams. The release latch has 30 deg of float to allow the beams to be in
different states.
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Limit  switch  set  screw  

Beveled  set  screw  
TORQUE  SHAFT  
(purple)  

30°  
F igure 18. Cross section of release latch, showing 30 deg of float.
  

Once in orbit, 2 beams will be locked, and the remaining one will be excited.

After the data has been collected, all the beams will be unlocked via the torque shaft, and
the next 2 beams will be locked. The process is repeated until all data is gathered. By
incorporating the torque shaft, I was able to have 4 actuators lock and unlock 3 beams,
with high rigidity necessary for rigid body motion, (i.e. no vibration of any subassemblies
within an order of magnitude of the targeted beam frequencies).

FEA
The thicknesses of the beams were realized using FEA to tune the natural
frequency of the beam-cavity-satellite system to the desired 50-100Hz.
In order to gain confidence in and establish accuracy of the FEA results, I first
conducted several experiments varying grid density and mesh generator settings then
compared the results to ideal hand calculations. As the test part, I modeled a cantilever
beam that would be close to what I expected the final beam to be. Then I replaced the
particle cavity tip mass assembly with a single point mass at the free end of the beam.
The point mass assumption disregards the moment of inertia from the Cavity Cap and
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sensor board, so my hand calculation should produce a slightly higher natural frequency
than the FEA, but the angular displacement is so small: the radius being more than 100
times the arc length, that the displacement can be considered linear, so the difference will
be negligible.
The mass and center of mass of the tip mass assembly (cavity, accelerometer,
fasteners and mounting plate), was found using Solid Works ³$GYDQFHG$VVHPEOLHV´
toolbox and used to calculate the equivalent beam length and point mass.
The tip mass is 21.27g and is located an additional 2.00 mm from the free end of
the beam. Extending the beam leaves 2.00mm of beam mass unaccounted for, so its mass
was subtracted from the tip mass. Resulting in an ideal beam length ( L ) of 107.7 mm with
a beam mass ( Mb) of 8.91g, and tip mass ( M t) of 21.1g

F igure 19. Ideal cantilever beam used for comparison.
  

The lightweight cantilever beam design with tip mass is a Single Degree-OfFreedom (SDOF) system for our purposes presented here, and is governed by the
following equation.
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Testing at NGAS has shown that the dynamic UHVSRQVHVRIWKLVW\SHRIVPDOO ´-´ 
beam closely agree with SDOF system predictions. Plugging in the values and converting
to Hz gives the fundamental frequency (fn) of the cantilever beam:
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Where:

E <RXQJ¶VPRGulus for the beam material, 10007602psi
I, the moment of inertia of the beam cross section
M t, the mass at the tip of the beam
Mb, the mass of the beam

Running the FEA software using the auto grid generator predicted a fundamental
frequency of 52.57 Hz which is 1.39% different than the hand calculation.
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F igure 20. FEA showing displacement during at the fundamental mode of the ideal cantilever
beam, using auto grid generator.
  

The color-coded displacement shown in the figures of the FEA models were

generated using NX6 with NASTRAN. The ³solution 103´ is displayed which shows the
mass normalized modal displacements, not the physical displacement. If the physical
displacement magnitude is desired, the modal displacement, which is used to calculate
the transfer function, is multiplied by the input force. $VWKHV\VWHP¶VUHVSRQVH
frequencies and shapes are not a factor of the input force, the normalized modal
displacement scales have been removed from the figures to simplify the presentation of
the general modal shapes. Of interest are the individual frequencies and whether or not
the corresponding displacement is in the plane of vibration, and hence would need to be
considered further.
Observing that the auto grid generator only uses a single element across the
thickness of the beam, I increased the grid density up to the rule of thumb at least 3
elements thick and the result was an improvement in the predicted frequency to only
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0.58% difference. Increasing the density up to 7 elements thick only yielded a small
additional improvement of 0.04%. A few of the ideal beam models with varying grid
densities are shown below:

F igure 21. FEA showing displacement during at the fundamental mode of the ideal cantilever
beam, manually specifying the element size to 16 mm.
  

F igure 22. FEA showing displacement during at the fundamental mode of the ideal cantilever
beam, manually specifying the element size to 2 mm, (2 elements thick)
  

F igure 23. FEA showing displacement during at the fundamental mode of the ideal cantilever
beam, manually specifying the element size to 0.5 mm (7 elements thick).
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Plotting the results gave way to an expected general trend in the data; however,
the data is highly nonlinear and has DGHILQLWH³NQHHLQWKHFXUYH´The pink dot is the
auto grid. The red line is the hand calculated ideal value.

F igure 24. Plot of frequency vs. number of nodes.
  

F igure 25. Close up of frequency vs. number of nodes.
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The number of nodes results from the specified size of the elements. It can be
seen that the error goes down as the size of the element goes down, but the data never
flattens out. I suspect the problem is due to machine rounding error, the elements can
only get so small before the truncation of significant figures becomes noticeable.

F igure 26. Plot of frequency vs. the specified size of element.
  

Even though the manually dictated higher grid densities proved more accurate, the
auto grid generator was used to lessen the number of required calculations thereby
speeding up the process which already took hours per run. This choice to include more
error is adequate because the error involved is much smaller than the frequency window
that the constraints call for.

Beam T hickness
7KH%HDP¶VKHLJKWZDVVHWDW´WRPDWFKWKHSLH]R the length is maximized to
provide the most linear vibration, leaving only the thickness to vary when the frequency
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was tuned. This could not be done using the before mentioned beam model of figures 1923, because it assumes of a fixed base. The moment of inertia and rotational inertia that
affect the actual beam response were estimated by modeling a pair of mass blocks that
sum to the expected launch mass, and having no constraints thereby leaving the assembly
with 6 DOF. After a few FEA runs it became cOHDUWKDWDEHDPWKLFNQHVVQHDU´
would yield a fundamental mode within the constrained 50-100 Hz range. Figures 27-31
show the first 4 modes of the beam.

F igure 27. FEA model of the prototype beam
assembly showing grid.
  

F igure 28. FEA model of the prototype beam
assembly, showing fundamental mode at 89 Hz.
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F igure 29. FEA model of the prototype beam assembly,
showing second mode to be out of plane and at 333 Hz.  

F igure 30. FEA model of the prototype beam assembly,
showing 3rd mode (first harmonic) at 643 Hz.
  

F igure 31. FEA model of the prototype beam
assembly, showing 4th mode (torsional) at 701 Hz.
  

I machined the prototype assembly to match the dimensions of the FEA model
and ran a frequency response to compare to the FEA. The prototype was also used
extensively to prove the data acquisition sensors and software for use on CP-7.
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F igure 32. Photograph of the prototype beam assembly used to verify beam response.
  

The prototype was hung level from a string such that the plainer motion of the
cavity was held normal to the gravity vector, thereby decoupling the two and allowing the
mass blocks to rotate in response to the beams movements as if it were in space.

Torsional  mode  
Fundamental  mode  
First  harmonic  

F igure 33. FFT of Accelerometer output to 1000Hz band-limited random input

Of note is the absence of the out-of-plane mode 2, which should have been around
  

333 Hz, confirming the out-of-plane mode can be neglected. Additional differences
between the FEA and empirical results are caused by 2 things. The sensor board wires are
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not accounted for in the model, and aluminum was used instead of ceramic to estimate
the properties of the piezo, as suggested by NGST.

General Components
Each component was individually and collectively verified using FEA to ensure
the design had no frequencies within an order of magnitude of the beams natural
frequency. Most components are 2 orders of magnitude higher, which means we can
safely assume rigid body motion of the structure when we are taking data. Displacement
frequencies are only shown up to 2 kHz, which is above 2 orders of magnitude higher
than the beam and so is of little use because those modes will never have a chance to
excite.

F igure 34. FEA model of the FR-4 based SOLAR PANEL showing grid.
  

F igure 35. FEA response of SOLAR PANEL, showing mode 1at 1111 Hz.
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F igure 36. FEA response of SOLAR PANEL, showing mode 2 at 1899 Hz.
  

F igure 37. FEA response of SOLAR PANEL, showing mode 3 at 2187 Hz.
  

F igure 38. Photograph of High Voltage Assembly.  
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F igure 39. FEA model of the FR-4 based HIGH VOLTAGE ASSEMBLY, showing grid.
  

Both boards are in phase with each other during mode 1, their cumulative masses
acting together.

F igure 40. FEA of High Voltage Assembly, showing mode 1 at 1293 Hz.
  

Boards now have opposite phase of each other in mode 2.

F igure 41. FEA of High Voltage Assembly, showing mode 2 at 1605
Hz.
  

Mode 3 is activated by the cubic DC-'&KLJKYROWDJHDPSOLILHU¶VPDVVVZLQJLQJ
side to side.
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F igure 42. FEA of High Voltage Assembly, showing end points of the cycle of mode
3at 2085 Hz.
  

The SMA actuator assembly is the only place where extra attention was needed to

ensure good separation between the frequencies. The problem arises out of the fact that it
relies on springs to hold everything still. It was verified in lab that the original spring is
sufficient to suppress movement around the frequencies and amplitudes of interest.

F igure 43. Photograph of SMA Assembly.
  

Mode 1 is not quite an order of magnitude higher, but is normal to the plane of
vibration so it can safely be assumed that it will cause no interference.
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F igure 44. FEA of SMA Assembly, showing mode 1 at 639.3 Hz.
  

Mode 2 is in plane, but is also above the frequencies where it can cause problems.

F igure 45. FEA of SMA Assembly, showing mode 2 at 1030 Hz.  

Mode 3 is the first mode of the SMA board, which is also well above the beams
frequency.

F igure 46. FEA of SMA Assembly, showing mode 3 at 1273 Hz .  
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F igure 47. Top view photo of CP-¶VPDLQVWUXFWXUDODVVHPEO\  

F igure 48. FEA showing exaggerated displacement of the fundamental mode of CP-¶VPDLQ
structural assembly to be at 1972 Hz.  
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A test of the frequency response of the main structural assembly was carried out
to further ensure good correlation between the FEA of the model and the actual hardware.
To this end, an impulse test was performed and an FFT of the time history was plotted.
The FEA showed the location of maximum displacement, which is where the
accelerometer was affixed to give the highest signal to noise ratio. An impact from a light
weight 2mm wooden dowel was used to supply the impulse, and was empirically found
WREHWKHEHVWH[FLWHU+HDYLHUGRZHOVUDLOHGWKHDFFHOHURPHWHU¶VSRZHUFRQGLWLRQHUDQG
caused the assembly to swing while lighter dowels had less amplitude resulting in less
data in general. Figure 41 shows the test setup.

F igure 49.  Test setup to verify response of CP-¶VPDLQVWUXFWXUDODVVHPEO\

36  
  

The FFT shown in figure 42 shows the various modes picked up by the impulse
response test. The lowest mode at 60 Hz is the fundamental of the beam, though I
expected it closer to 75 Hz. The second and third modes at 1173 and 1500 Hz are the
torsional and out of plane modes of the beams. The first mode of the structure is at 1976
Hz which matches the FEA with an error of only 0.02%. It was unexpected that the error
came out as low as it did, but the main data to be gleaned from Fig 50 is the smooth and
mode free frequency span from 60 Hz to 1173 Hz, empirically verifying sufficient
separation between the beams fundamental mode that will be targeted for evaluation and
any other mode.

  

F igure 50.  FFT of time history of main structural assembly after impulse,
showing dominant mode at 1976 Hz.  
The high rigidity of the main aluminum structure was made possible by
machining the beam and the structure around the beam out of a single piece of material.
These sections gain strength from each other and act as one due to the insertion of
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alignment pins in the corners of each section and 5 tall tension bolts that permeate the
entire structure, providing compressive stress to stiffen up the assembly further.

F igure 51. Solid model showing the relative location of each fastener, spring, and bushing
that holds CP-7 together.
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I I I.

F abrication
I machined all parts of the bench unit version of CP-7 to flight tolerance using

both conventional and CNC machine operations. I also worked with Next Intent to
contract out all major components to both the engineering and flight units for fabrication
at their facility.

F igure 52. Beam, Center being machined in a CNC vertical mill.
  

A detailed drawing of each part on CP-7 was created to use for reference while
machining, and a complementary set of simplified inspection drawings were also created
to aid in the inspection of all closer tolerance features.
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F igure 53. My drawings being used to make the CENTER BEAM
part at Next Intent.
  

F igure 54. Mill work complete on the CENTER BEAM part.
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F igure 55. Under water EDM in process.

F igure 56. Drained EDM tank showing
setup.

  

Brass  EDM  wire  

F igure 57. Close up of EDM surface on BEAM, CENTER.
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I V.

V I B R A T I O N T EST I N G
7KHIXOO\DVVHPEOHGEHQFKXQLWZDVSODFHGLQVLGH&DXE6DW¶VWHVW pod which was

then EROWHGWR&DO3RO\¶VOLQHDUVKDNHUWDEOH The test pod represents the P-POD that CP-7
will launch in. Three tests were performed. First a comprehensive sine sweep, then a full
simulated launch load using 1$6$¶V General Environmental Verification Specification
(GEVS) at 14.1 GRMS, followed by a second and identical sine sweep. Audible vibration
was observed when passing through the beams fundamental mode (~75 Hz) caused by
the cavity cap hammering against its hard stops which prevent over displacement. The
second sine sweep had the same response as the first implying nothing changed,
deformed, or came loose, during the launch load test. Careful disassembly afterwards
revealed no visible or measurable plastic deformation of any kind anywhere on CP-7.

F inal Impulse Response
To verify that the first mode of the complete assembly is well above the range of
interest (~1 KHz), another impulse test was performed and another FFT of the time
history was plotted. For this test the beams were placed in the locked position prior to
measuring the response. The FEA of the assembly revealed a neutral point to be along the
corner edge midway between the ends. By hanging the assembly from this point, the
closest approximation to the flight environment was achieved, leaving the assembly free
to flex independently from any rigid body modes.
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Captured  time  history  
after  impact  

Accelerometer  

String  tied  about  the  neutral  point  
(satellite  is  free  hanging)  

Accelerometer  
power  conditioner  

Copper  clad  FR-‐4  mass  models  of  solar  panel  

F igure 58: Test setup to find the resonant frequency of fully assembled CP-7
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F igure 59: Time history fully assembled CP-7 after impulse, showing a summation of
multiple frequencies.
When fully assembled, CP-7 is 5 times stiffer than the assembled main structure
alone. All the FR-4 components help to stiffen it up especially the 4 mounted directly in
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plane of the structures first mode (top and bottom solar panels, payload board, and
avionics board.)

F igure 60: FFT of time history of fully assembled CP-7 after impulse, showing dominant
mode at 10 KHz, and lowest mode at 1.5 KHz.

Because the lowest measured frequency is more than order of magnitude higher,
the satellite will behave as a rigid body and the sensor will only pick up data from its own
beam. This final test verifies that CP-7 is free from all harmonic coupling, meaning it
ready to collect good scientific data.
---THE END---
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Appendix of all my INSPECTION DRAWINGS
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